Background and objectives To better define the clinical-pathologic spectrum and prognosis of monoclonal immunoglobulin deposition disease (MIDD), this study reports the largest series.
Introduction
Monoclonal immunoglobulin deposition disease (MIDD) is a rare disease characterized by the deposition of monoclonal Ig molecules in basement membranes. In contrast to amyloidosis, the deposits in MIDD are nonfibrillar and Congo-red negative. MIDD includes three subtypes depending on the composition of deposits: light chain deposition disease (LCDD), the most common subtype, in which the deposits are composed of monoclonal light chains only; light and heavy chain deposition disease (LHCDD), in which the deposits are composed of monoclonal light and heavy chains; and heavy chain deposition disease (HCDD), in which the deposits are composed of monoclonal heavy chains only. The monoclonal light chains in LCDD are mainly of the k isotype (92%), and the majority belong to the Vk IV subgroup (1, 2) . The deposits in HCDD are composed of the g heavy chain, which typically lacks the first constant domain (CH1) (1, 3, 4) . Renal involvement is almost always present in MIDD. Patients typically present with renal insufficiency and proteinuria, often accompanied by nephrotic syndrome. The characteristic morphologic features of renal MIDD include the following: nodular sclerosing glomerulopathy by light microscopy; diffuse linear staining of glomerular basement membranes (GBMs) and tubular basement membranes (TBMs) for a single light chain (LCDD), a single light chain and a single heavy chain (LHCDD), or a single heavy chain without light chains (HCDD) by immunofluorescence; and nonfibrillar, "powdery" electrondense deposits in GBMs and TBMs detected by electron microscopy (1) .
Analysis of the literature on renal MIDD is confounded by the misuse in some studies of the designation "MIDD" as a generic term for a variety of diseases induced by tissue deposition of Ig, including amyloid, Randall-type MIDD, myeloma cast nephropathy (MCN), and proliferative GN with monoclonal IgG deposits (5, 6) , as well as the lack of ultrastructural confirmation of MIDD in some reported patients (7) . Furthermore, in some studies, patients with pure MIDD and those with coexistent MCN were aggregated (7, 8) . Combined MIDD and MCN, reported in 16%-46% of patients with MIDD (1, 7, 8) , has clinical features and outcomes that more closely resemble those in MCN than pure MIDD (1) . We report our experience with 64 patients with MIDD who were seen at the Mayo Clinic in Rochester, Minnesota, and were followed for a median of 25 months (range, . The large cohort of patients in this study has the advantage of allowing us to better define the disease's demographics, hematologic and renal characteristics, histologic findings, prognostic indicators, and outcomes.
Materials and Methods
Seventy-three Mayo Clinic patients with a diagnosis of renal MIDD were identified by retrospective review of all native renal biopsies evaluated in the Renal Pathology Laboratory at the Mayo Clinic from 1992 to 2011. During the study period, the total number of native kidney biopsies from Mayo Clinic patients was 10,481. This indicates that the biopsy incidence of MIDD in our medical center is 0.7%. Nine patients were excluded from this study because of the lack of renal tissue for immunofluorescence in two patients, presence of concurrent MCN in five patients, and presence of concurrent extensive renal amyloid in two patients. The remaining 64 patients that were included in this study fulfilled the following two diagnostic criteria of MIDD: (1) the presence of diffuse linear monoclonal protein deposition along GBMs and TBMs on immunofluorescence (i.e., staining exclusively for k or for l in the case of LCDD, staining for a single class of Ig [g, a, or m] with light-chain restriction in the case of LHCDD, or staining for a single class of Ig [g, a, or m] with no corresponding light chain in the case of HCDD); and (2) the presence of corresponding punctate, "powdery" electron-dense deposits along GBMs or TBMs on electron microscopy.
Standard processing of renal biopsies included light microscopy, immunofluorescence, and electron microscopy. For light microscopy, hematoxylin and eosin, periodic acidSchiff, Masson's trichrome, and Jones methenamine silver staining were used. Standard immunofluorescence on frozen tissue was performed in 63 biopsies with available glomeruli. In the remaining biopsy, no tissue was submitted for immunofluorescence and therefore immunofluorescence was performed on pronase-digested paraffin-embedded tissue (9) . For immunofluorescence, 3-mm cryostat sections were stained with polyclonal FITC-conjugated antibodies to IgG, IgM, IgA, C3, C1q, k, and l (Dako Corp, Carpinteria, CA). Determination of the IgG subclass was performed on 3-mm cryostat sections using monoclonal FITC-conjugated antibodies to IgG1, IgG2, IgG3, and IgG4 (Sigma-Aldrich Corp, St. Louis, MO).
Demographic information, presenting renal clinical and laboratory findings, and hematologic clinical and laboratory findings (including bone marrow biopsy findings), treatment and follow-up, were obtained from patients' electronic medical records. The following clinical definitions were used: nephrotic-range proteinuria (NRP): $3.0 g/day; hypoalbuminemia: serum albumin ,3.5 g/dl; renal insufficiency: serum creatinine . Table 1 details the pathologic findings. Nodular mesangial sclerosis was present in 39 patients (61%) (Figure 1 ). The mesangial nodules were generally positive for periodic acid-Schiff, trichrome blue, and silver-positive. Five additional patients (8%) showed mild mesangial sclerosis without nodule formation. The remaining patients did not show mesangial sclerosis (Figure 2 ). There was no significant thickening of the GBMs, except in two patients who had overlapping features of diabetic nephropathy. Variable degrees of membranoproliferative features with GBM duplication and mesangial hypercellularity and interposition were noted in some patients. Six patients (9%) (including four with LCDD, one with LHCDD, one with HCDD) showed focal cellular crescents. The degrees of TA/IF and arteriosclerosis were variable (Table 1) . Two patients (3%) showed focal direct interstitial infiltration by neoplastic plasma cells ( Figure 3) .
Results

Pathologic Findings
On immunofluorescence, all 64 patients by definition showed diffuse linear monoclonal deposits along GBMs and TBMs ( Figure 4 ). Most patients also had arterial wall deposits. The dominant monoclonal proteins detected by immunofluorescence are listed in Table 1 . Tissue was available for IgG subtype staining by immunofluorescence in two of the four patients with IgG k LHCDD and four of the six patients with g HCDD. The IgG subtype in the two patients with IgG k LHCDD was IgG1 in one and IgG4 in one. The IgG subtype in the four patients with g HCDD was IgG4 in two, IgG1 in one, and IgG2 in one. Granular to linear glomerular deposition of C3 was detected in three patients with LHCDD and three patients with HCDD, whereas weak glomerular deposition of C1q was detected in one patient with LHCDD and two patients with HCDD.
On electron microscopy, by definition, all patients showed punctate "powdery" electron-dense deposits along the outer aspect of the TBMs and/or the inner aspect of the lamina densa of GBMs ( Figure 5 ). The deposits were seen along TBMs in 100% of patients (58 of 58 patients in which they were looked for), along the lamina densa of GBMs in 95% of patients (58 of 61 patients with available glomeruli for electron microscopy), and in the expanded mesangium in 72% patients (44 of 61 patients with available glomeruli for electron microscopy). Mesangial deposits tended to be more common in HCDD than LCDD (P=0.09). Table 2 details the demographics and clinical renal characteristics at biopsy. The male/female ratio of the 64 patients was 1.9:1. The mean age was 56 years (range, 22-83). Five percent of patients were 22-30 years of age, 6% were 31-40 years of age, 25% were 41-50 years of age, and 64% were .50 years of age. A 24-hour urine protein quantitation, performed in 59 patients, was abnormal (.150 mg) in all but two patients (97%). The mean 24-hour urine protein was 4.1 g, which was higher in HCDD than LCDD (P=0.001) and LHCDD (P=0.06). NRP and nephrotic syndrome were more frequent in HCDD than LCDD (P=0.004 and P=0.02, respectively). Peripheral edema was more common in HCDD than LCDD (P=0.02). Microhematuria was documented in 62% of patients, whereas gross hematuria was present in only 3% of patients. Table 3 details the hematologic characteristics at biopsy. Overall, 97% of patients had clinical evidence of dysproteinemia, which was k-type in 81% and l-type in 19%. Dysproteinemia was detected 3-84 months before MIDD diagnosis in 19% of patients, within 1 month of MIDD diagnosis in 72%, and 4-36 months after MIDD diagnosis in the remaining 8%. M-spike was detected on serum protein electrophoresis (SPEP)/serum immunofixation electrophoresis (SIFE) or urine protein electrophoresis (UPEP)/urine immunofixation electrophoresis (UIFE) in 86% of patients. LHCDD patients were more likely to have a monoclonal whole Ig on UPEP/UIFE than LCDD patients (P=0.01) and HCDD patients (P=0.08). Serum FLC assay was performed in 51 patients (80%) who were seen at the Mayo Clinic after 2002. Serum FLC ratio was abnormal in all of these patients (100%), and was markedly abnormal in 78% of them. Thirtyeight MIDD patients (59%) fulfilled the established diagnostic criteria for MM (10) , which was diagnosed before or at the time of kidney biopsy in all but one patient. One patient with k-LCDD had lymphoplasmacytic lymphoma. Only two patients had biopsy-proven heart involvement. Three additional patients had an abnormal echocardiogram (suggestive of an infiltrative process) but no biopsies were performed. None of the patients had biopsy-proven involvement of the liver or any other organ. None of the 19 patients who died had autopsies done at the Mayo Clinic; therefore, the extent of asymptomatic extrarenal involvement in these patients could not be determined.
Clinical Characteristics
Treatment and Outcomes
No renal follow-up data were available for four patients, and four patients died within 1 month after kidney biopsy. The remaining 56 patients (88%) were followed for a mean of 34 months (median 25; range, 1-140). Eight patients (14%) were not treated with chemotherapy, five of whom (63%) progressed to ESRD. Thirty-two patients (57%) were treated with chemotherapy, 11 of whom (34%) progressed to ESRD. Chemotherapy consisted of dexamethasone alone in two patients; melphalan and dexamethasone in six; melphalan, cyclophosphamide, and dexamethasone in two; melphalan, bortezomib, and dexamethasone in three; melphalan, thalidomide, and dexamethasone in one;
cyclophosphamide and dexamethasone in one; dexamethasone and thalidomide in three; bortezomib and dexamethasone in four; dexamethasone, thalidomide, and bortezomib in three; cyclophosphamide, bortezomib, and dexamethasone in two; azathioprine and dexamethasone in one; lenalidomide and dexamethasone in three; and rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisolone in one with lymphoma. The remaining 16 patients (29%) were treated with autologous stem cell transplant (SCT), 6 of whom (38%) progressed to ESRD (Table 4) . On follow-up in these 56 patients, 32 patients (57%) had stable/improved renal function, 2 (4%) had worsening renal function (.50% increase in serum creatinine from creatinine at biopsy but not reaching ESRD), and 22 (39%) progressed to ESRD. The mean renal survival was 64.0 months, which was not statistically different for LCDD, LHCDD, and HCDD (P=0.79)( Table 4 ).
Four of the 22 patients who progressed to ESRD (3 with LCDD and 1 with LHCDD) received a kidney transplant. Three of these four patients (75%) had biopsy-proven disease recurrence diagnosed 43, 11, and 7 months after transplant. The recurrent disease in one patient was treated with dexamethasone and melphalan for 9 months, followed by lenalidomide for 3 months (stopped due to side effects) then bortezomib for 5 months. Chemotherapy led to a significant reduction in serum free k. At last follow-up 73 months after transplant, allograft function was slightly decreased (serum creatinine 1.5 mg/dl). The second patient with recurrent disease was treated with prednisone for concurrent rejection. At the time of death (of unknown cause) 37 months after transplant, serum creatinine was elevated at 2.3 mg/dl. The third patient with recurrent disease who also had direct myeloma infiltration of the renal allograft was treated with bortezomib and dexamethasone. Treatment was ineffective; he lost his allograft and died of refractory MM 8 months after transplant.
Using Cox regression, predictors of reaching ESRD on univariate analysis were higher serum creatinine at biopsy (P,0.001) and low hemoglobin at biopsy (P=0.01). Higher proteinuria at biopsy (P=0.07) and absence of treatment with SCT (P=0.08) were marginally significant. Using the Cox proportional hazards model, the only independent predictor of the rate of progression to ESRD on multivariate analysis was serum creatinine at biopsy (P=0.003) (hazard ratio, 1.477; 95% confidence interval, 1.140-1.914). Type of therapy and pathologic parameters (percentage of global glomerulosclerosis, degree of TA/IF and arteriosclerosis) did not predict renal survival.
Follow-up 24-hour urine protein quantitation was performed in 30 of the 34 patients who did not progress to ESRD. Of these 30 patients, 6 (20%) had disappearance of the proteinuria, 15 (50%) had a .50% reduction in proteinuria, 7 (23%) had stable proteinuria, and only 2 (7%) had .50% increase in proteinuria. The mean final 24-hour urine protein in these 30 patients was 1.2 g.
Of the 60 patients with available patient survival data, 19 (32%) died. The mean patient survival was 90 months, which was not statistically different for LCDD, LHCDD, and HCDD (P=0.42). The mean time from biopsy to death in those who died was 18 months. By Cox regression, predictors of patient death on univariate analysis were older age (P=0.01), higher serum creatinine at biopsy (P=0.004), dialysis at biopsy (P=0.007), low hemoglobin at biopsy (P=0.05), presence of lytic bone lesions (P=0.003), presence of MM (P=0.009), presence of hypertension (P=0.02), no treatment (versus chemotherapy alone or SCT) (P=0.001), and no treatment or chemotherapy alone (versus SCT) (P=0.001). Using the Cox proportional hazards model, the only independent predictor of death on multivariate analysis was the presence of lytic bone lesions (P=0.04; hazard ratio, 3.986; 95% confidence interval, 1.060-14.987).
Discussion
This study reports our experience with a series of 64 patients with MIDD, which is, to our knowledge, the largest clinical-pathologic series of MIDD. The mean age was 56 years; 36% of patients were #50 years of age and only 22% were elderly (.64 years of age). In comparison, the reported mean age at diagnosis was 66 years for MCN (11) and 62 years for light chain amyloidosis (12) . Therefore, in patients with dysproteinemia, the chance of finding pure MIDD and not amyloid or MCN is higher in middle-aged adults compared with the elderly population. Patients with concurrent MIDD and MCN are older than those with pure MIDD (mean age, 67 versus 57 years in one study) (1). The male sex preponderance in our patient population is in agreement with prior studies (1,7,13) . In prior studies conducted before the availability of serum FLC assay, 13%-33% of patients with MIDD had no identifiable M-spike on SPEP or UPEP (1,14) . Similarly, 14% of our study patients had negative SPEP/SIFE and UPEP/UIFE. Noticeably, among the seven patients with HCDD in our series, monoclonal whole Ig was detected by SPEP/SIFE in only four and by UPEP/UIFE in only one. In contrast, SPEP/SIFE detected IgGl1 in all four HCDD patients reported by Moulin et al. (3) . In most reported cases of gHCDD, there was a deletion of the CH1 domain in the circulated or deposited g heavy chains (1, 3, 15) , which is required for secretion of free heavy chains by plasma cells. The inability to detect a corresponding monoclonal heavy chain component in the serum in three of our patients may relate to its presence at very low titers, below the level of detection by our standard SIFE, or to rapid rates of tissue deposition (13) . In addition, because many of the secreted heavy chains are truncated proteins, they may elude detection by standard SPEP/SIFE techniques. Importantly, in our study FLC ratio was abnormal in all 51 patients (100%) tested, including all 4 LHCDD and 4 HCDD patients tested, and was markedly abnormal in 87% of them. Serum FLC ratio was also abnormal in all 10 MIDD patients recently reported by Hassoun et al. (16) and Kastritis et al. (17) . The above data indicate that the sensitivity of the abnormal serum FLC ratio is very high in MIDD. In contrast, in a recent study of 115 patients with light chain amyloidosis, the diagnostic sensitivity of abnormal FLC ratio was only 76% (18) . In this study, we found that some differences in clinicopathological features of HCDD compared with LCDD. NRP, peripheral edema, and nephrotic syndrome were more common in HCDD. There was also a tendency for more frequent mesangial deposits in HCDD. These differences may relate to the ability of the heavy chain to activate complement, a property that light chains lack. Complement activation, which is typically detectable by immunofluorescence in these cases, may have direct effects on mesangial cells and podocytes to promote matrix production and greater proteinuria (19, 20) . Patient outcome, however, was not statistically different between HCDD and LCDD. The clinical and pathologic features of LHCDD were generally not statistically different from LCDD.
In the vast majority of reported cases of LHCDD and HCDD, the deposited heavy chain was g. To our knowledge, there are only two previously reported cases of aHCDD (1, 21) and two cases of aLHCDD (associated with k in one and with l in one) (8, 22) . In this study, we report one additional case of aHCDD and two additional cases of aLHCDD. Table 5 summarizes patient outcomes and prognostic indicators in our study as well as in two previously reported large retrospective series of MIDD. In all three studies, initial serum creatinine correlated with renal survival on multivariate analysis. The type of chemotherapy and histologic findings were not predictors. In contrast, several recent retrospective studies that included ,10 patients found that high-dose chemotherapy and SCT were an effective therapy for renal dysfunction in MIDD (16,17,23,24) . Importantly, the better patient outcomes in our series compared with prior studies (as shown in Table 5 ) suggests that the prognosis of MIDD has improved over the past decade, likely as a result of earlier diagnosis and the introduction of newer chemotherapeutic regimens including SCT. There are two noteworthy limitations of our study. First, the small sample size for HCDD and LHCDD likely limits the potential of finding differences among the groups and may produce random statistical effects. Therefore, our findings on statistical analysis should be interpreted with caution and further studies that include larger numbers of patients with LHCDD and HCDD are needed to confirm these findings. Second, the uncontrolled retrospective design, the lack of standardized therapy, and the relatively short follow-up may have contributed to the lack of statistical benefit of therapy in MIDD in our study. Prospective, multicenter, controlled studies of patients with MIDD are needed to determine the optimal therapeutic regimen, including the role of SCT.
In summary, MIDD is a rare dysproteinemia-related renal disease. LCDD comprises 80% of the cases, whereas LHCDD and HCDD comprise the remaining 20%. Contrary to light chain amyloidosis and MCN, pure MIDD is more common in middle-aged than elderly adults and may occur as early as the third decade of life. Patients typically present with renal failure, proteinuria, hematuria, and hypertension. NRP and nephrotic syndrome are more common in HCDD than LCDD, possibly reflecting the effects of associated complement mediated injury. Serum FLC ratio is abnormal in most (if not all) patients and is more sensitive than standard SIFE and UIFE to detect the associated dysproteinemia. Histologically, the characteristic nodular sclerosing glomerulopathy is present in only two-thirds of patients, underscoring the importance of careful analysis by immunofluorescence. The prognosis in MIDD patients is improving compared with outcome data from historical case series. In this study, the mean renal and patient survivals were 64 and 90 months, respectively. Because 88% of our patients were diagnosed after 2000, it is likely that earlier detection and greater availability of modern therapeutic regimens, including SCT, have contributed to these improved outcomes. Patients with higher serum creatinine at biopsy have poorer renal survivals, emphasizing the paramount importance of early detection.
